The P requirements of broiler breeder hens have come under closer scrutiny due to a rise in the cost of inorganic P and the environmental concerns of P runoff. Different attempts have been made to solve these problems, usually involving the addition of exogenous phytase to the diet to improve available P. Concerns over subsequent progeny performance, as well as breeder performance, have kept nonphytate phosphorus (NPP) or available P equivalent levels at 600 mg/d of consumption or higher. Plumstead et al. (2007) reported that NPP levels as low as 0.10% with phytase (0.22% available P) did not diminish egg production while improving water-soluble P retention. The water-soluble fraction has been identified as the fraction susceptible to run off. Previous research has shown that reducing dietary NPP to 0.20% (288 mg/d) did not negatively effect egg production, egg quality, or progeny quality (Ekmay and Coon, 2010) . Reducing dietary P also reduced the amount of total P and NPP excreted. The cost associated with maintaining a high level of production was a reduction in bone quality in the breeder hen. It was surmised that breeder hens used bone reserves regardless of dietary intake, and that dietary P determined the level of re-deposition. van de Velde et al. (1984) previously reported that when bone resorption was low, bone formation was also low, and vice versa. The group hypothesized that medullary bone was recalcified during the inactive period following eggshell formation.
INTRODUCTION
The P requirements of broiler breeder hens have come under closer scrutiny due to a rise in the cost of inorganic P and the environmental concerns of P runoff. Different attempts have been made to solve these problems, usually involving the addition of exogenous phytase to the diet to improve available P. Concerns over subsequent progeny performance, as well as breeder performance, have kept nonphytate phosphorus (NPP) or available P equivalent levels at 600 mg/d of consumption or higher. Plumstead et al. (2007) reported that NPP levels as low as 0.10% with phytase (0.22% available P) did not diminish egg production while improving water-soluble P retention. The water-soluble fraction has been identified as the fraction susceptible to run off. Previous research has shown that reducing dietary NPP to 0.20% (288 mg/d) did not negatively effect egg production, egg quality, or progeny quality (Ekmay and Coon, 2010) . Reducing dietary P also reduced the amount of total P and NPP excreted. The cost associated with maintaining a high level of production was a reduction in bone quality in the breeder hen. It was surmised that breeder hens used bone reserves regardless of dietary intake, and that dietary P determined the level of re-deposition. van de Velde et al. (1984) previously reported that when bone resorption was low, bone formation was also low, and vice versa. The group hypothesized that medullary bone was recalcified during the inactive period following eggshell formation.
Determination of serum or plasma bone markers, useful as diagnostic tools in bone pathology, continues to be investigated. Several markers have limitations that hinder them in the diagnosis of disease, yet are useful in other applications. Bone alkaline phosphatase has been used extensively as a marker of bone deposition. Serum alkaline phosphatase is not bone specific and also includes that produced by other sources (liver, leukocytes). However, Ureña et al. (1996) reported a 0.74 correlation between total alkaline phosphatase (tALP) and bone formation rate in adult hemodialysis patients. Tartrate-resistant acid phosphatase (TRAP) is another bone marker that has been used extensively as a marker of bone resorption. There are 2 isoforms of the enzyme: 5a and 5b. The 5b isoform is found exclusively in osteoclasts, and 5b quantification can be directly related to osteoclast activity and bone resorption. For a comprehensive review of acid phosphatase and bone metabolism see Igarashi et al. (2002) .
The exact mechanisms of bone turnover in the egglaying hen have not been elucidated, especially as influenced by dietary NPP. Several authors (Feinberg et al., 1937; Rao and Roland, 1990; Manangi and Coon, 2006 ) have looked at fluctuations of blood Ca and P over a 24-h period in egg-laying hens (broiler breeder hens and commercial layers). In the studies cited above by Feinberg et al. and Rao and Roland, with commercial layers, peak serum P occurred between 11 and 14 h postoviposition. Manangi and Coon, on the other hand, reported peak serum P between 20 and 24 h postoviposition in broiler breeder hens. The differences in serum P have been attributed to seasonal factors, amounts of dietary P and Ca consumed by the birds, Ca particle size, age, and strain (Peterson and Parrish, 1939; Rao and Roland, 1990; Manangi and Coon, 2006) . The objectives of the research reported herein were 1) to determine how bones are remodeled in light, standard, and heavy BW broiler breeder hens fed either 0.15% NPP or 0.40% NPP with individual BW groups fed increasing amounts of feed based on BW group production or fed based on production from all BW groups (whole flock status) during the transition into production and 2) to determine the performance parameters for breeder hens in each of the dietary P and BW groups.
MATERIALS AND METHODS

Stock and Management
All procedures were carried out in accordance with Animal Use Protocol No. 06012 for the experiment, which was approved by the University of Arkansas In- 8  8  9  1  142  142  142  1-2  13  13  13  2  140  140  140  2-3  17  14  17  3  139  139  139  3-4  17  14  17  4  138  138  138  4-5  17  14  18  5  137  137  137  5-6  18  14  18  6  136  136  136  6-7  18  14  19  7  135  135  135  7-8  19  15  20  8  134  134  134  8-9  19  16  21  9  133  133  133  9-10  20  16  22  10  132  132  132  10-11  21  17  24  11  131  131  131  11-12  23  19  27  12  131  131  131  12-13  25  21  32  13+  130  130  130  13-14  27  24  34  14-15  29  25  37  15-16  32  28  40  16-17  35  31  41  17-18  38  33  43  18-19  39  34  45  19-20  43  37  48  20-21  45  39  51  21-22  104  91  116  22-23  109  96  121  23-24  114  100  126  24-25  118  105  130  5% production  119  107  131  13% production  121  109  132  21% production  123  113  133  29% production  126  117  134  37% production  130  122  136  45% production  134  128  139  53% production  139  136  141  61% to peak  144  144  144 stitutional Animal Care and Use Committee. A flock of 1,600 Cobb 500 breeder pullets were reared to 3 growth curves, defined as 20% under Cobb standard, Cobb standard, and 20% over Cobb standard. The Cobb Breeder Management Guide (Cobb-Vantress, 2005 ) was used as a reference for all other management conditions. The flock was placed in 2.38 × 1.83 m floor pens and fed ad libitum for the first 2 wk. From 2 to 4 wk, all birds were fed restricted amounts of feed every day. From 4 wk onward, all birds were fed on a skip-a-day regimen. Feed allocation was based on breeder recommended guidelines to reach target BW. Birds were weighed weekly by pen and feed allocation adjusted to ensure target BW was met. At 21 wk, 624 birds were transferred to a production house and individually caged. Cages (47 cm high, 30.5 cm wide, 47 cm deep) were each equipped with an individual feeder and nipple drinker. Birds were fed individually and provided with free access to water at all times. All breeders were put on an everyday feeding system. A normal feeding regimen during the breeder phase was one appropriate for each specific growth curve; an alternative regimen considered the 3 BW and a standard regimen ( 
Breeder and Progeny Performance
Egg production was recorded daily, and egg weights were recorded 2 consecutive days per week. All softshelled, double-yolk, and cracked eggs were recorded. Peak egg production was determined as a 5-d rolling average. Shell quality was determined by specific gravity twice a week using the flotation method (Bennett, 1992) . Hens were artificially inseminated beginning at wk 40. Twenty-five hens per treatment group were inseminated with 2 × 10 6 cells/50 μL and settable eggs were collected for a 6-d period. Semen was collected from broiler breeder males using the abdominal massage method, as described by Burrows and Quinn (1937) . Semen was pooled and sperm cell concentration determined using an IMV Micro-Reader I (IMV International Co., Minneapolis, MN), using an optical density of 381 nm (King et al., 2000) . Semen was diluted to 2 × 10 6 cells/50 μL using Beltsville Poultry Semen Extender (Continental Plastic Corp., Delavan, WI) to ensure all hens were inseminated with the same number and volume of sperm cells. Hatch of fertile and hatching weight were determined, after which progeny were euthanized via CO 2 asphyxiation. Samples of breeder hen tibia were collected at 45 wk after CO 2 asphyxiation; 10 randomly selected hens were used. Tibias were stored at −20°C until analysis. Tibia were cut lengthwise, oven-dried, and ashed in ceramic crucibles for 16 h at 600°C to determine bone ash.
Plasma Samples
Blood samples were collected at wk 24, 26, and 29 from the right wing vein into a heparinized syringe at 4-h intervals from time of feeding for a 24-h period. Five hens per treatment group were sampled, with no bird sampled more than once in any 20-h period. Hens at wk 24 were not in production; hens at wk 26 and 29 were at 59% and 80% production, respectively. Blood samples were immediately centrifuged in a Beckman Microfuge 18 microcentrifuge (Beckman Coulter Inc., Brea, CA) at 1,290 × g for 20 min and the plasma fraction separated. Samples were stored at −20°C until analysis. Plasma chicken parathyroid hormone-related peptide (PTHrp) was determined using a commercial ELISA kit (Bachem Inc., Torrance, CA). Tartrate-resistant acid phosphatase (TRAP) was determined by a spectrophotometric assay, as described by Lau et al. (1987) at a pH of 5.8. The optimal pH of TRAP 5a and 5b activity is 4.9 to 5.5 and 5.7 to 6.0, respectively. Total alkaline phosphatase (tALP) was determined by a spectrophotometric assay, as described by Bowers and McComb (1975) . Plasma P (inorganic P; iP) was determined using the spectrophotometric method described by Daly and Ertingshausen (1972) , and plasma Ca was determined using the o-cresolphthalein complexon method described by Morin (1974) .
Statistical Analysis
Data were analyzed using the least squares procedure on JMP 7 (SAS Institute Inc., Cary, NC). Terms for pullet growth curve, NPP%, feeding regimen, and all interactions were included in the model. Trend contrasts were used to determine line shape over the 24-h period. 
RESULTS
An interaction effect between feeding regimen and NPP on eggs per hen housed was observed (P = 0.006). Eggs per hen housed were significantly reduced in hens fed 0.15% NPP by more than 8 eggs by wk 40 (Table  4) . Pullet growth curve also affected egg production. Hens that were reared 20% under Cobb standard pullet BW produced fewer eggs than hens reared on the standard BW curve. Breeder hens reared to standard BW as pullets produced fewer eggs than breeder hens reared to 20% above the standard BW. The pullet growth curve statistically influenced age at sexual maturity (P = 0.0001). An interaction effect between percentage of NPP and pullet BW on egg weight and mortality was observed. Hens fed 0.15% NPP produced a 1-g smaller egg (P < 0.0001). A significant 3-way interaction was determined for specific gravity (P = 0.013). Specific gravity was improved for hens fed 0.15% NPP and for hens that were reared to 20% under standard BW as pullets. Lowering dietary NPP lowered 45 wk tibia ash (P < 0.0001). An interaction effect between NPP and pullet BW was observed for hatch of fertile eggs (P = 0.012). The alternate feeding regimen decreased hatch of fertile eggs by over 13% (Table 5 ). Hatch of fertile eggs was not influenced by the percentage of NPP or by pullet BW.
The amount of P deposited into an egg remained constant across all treatments (Table 5 ). The amount of total P excreted was twice as high in hens fed 0.40% NPP than those fed 0.15% NPP (P < 0.0001). The pullet growth curve and feeding regimen did not have an effect on the amount of total P excreted. Total P retention was not statistically significant between treatments, but P retention was lower in hens fed 0.4% NPP compared with hens fed 0.15% NPP. Tibia P was reduced when NPP was reduced and in concert with pullet growth curve and feeding regimen.
Mean circulating levels of PTHrp over the sample period were not affected by any of the experimental factors (Table 6) . A decrease in the overall levels of circulating PTHrp was observed from wk 24 to 29. Overall, the mean circulating levels of PTHrp followed a significant overall cubic response and became significantly different from 0 h, on average by 12 h, but returned to prefeeding levels at 24 h. Overall, mean tALP levels were not affected by NPP but were heavily influenced by pullet BW and feeding regimen (Table 7) . Hens reared to 20% under standard BW had higher levels of tALP, as did hens on an alternate feeding regimen. At wk 24 and 26, the 20% under pullet growth curve increased mean tALP. At this point, wk 29, NPP and feeding regimen affected mean tALP levels. Both low NPP and the alternate feeding regimen increased the levels of tALP. On a week-to-week basis, tALP levels remained relatively constant and no effect was determined. During a 24-h period, tALP became significantly elevated on average by 12 h (Figures 1 and 2) . A cubic response was determined at wk 29 and a quadratic response was determined at wk 24.
Mean circulating levels of TRAP over the sample period were significantly higher in hens reared to a 20% over pullet growth curve and when fed an alternate feeding regimen (Figures 3 and 4) . No differences (P = 0.0887) in overall TRAP were observed between hens fed 0.15% NPP (747 U) and hens fed 0.40% NPP (858 U). At wk 24, only pullet growth curve and feeding regimen exerted any influence on TRAP levels; the levels of TRAP increased with BW. By wk 26, only feeding regimen exerted any effect on TRAP levels. By Table 7 . Probability values of plasma total alkaline phosphatase (tALP) and tartrate-resistant acid phosphatase (TRAP) in broiler breeders as affected by nonphytate phosphorus (NPP; %), pullet BW, and feeding regimen 
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PHOSPHORUS AND BROILER BREEDERS wk 29, neither pullet growth curve nor feeding regimen exerted any effect on TRAP levels, but the interaction between NPP and pullet growth curve, and NPP main effect, had become significant. A significant overall quadratic response was determined. The TRAP levels at wk 29 did not vary substantially over a 24-h period in hens fed 0.15% NPP and were significantly lower than TRAP levels in hens fed 0.40% NPP. Overall, TRAP levels rose substantially immediately after feeding but returned to prefeeding levels by 16 h. Overall, a significant 3-way interaction effect between pullet growth curve, NPP, and feeding regimen on mean plasma P levels was determined ( Figure 5 ). At wk 24, mean plasma P levels were not affected by any treatment, but by wk 26, the pullet growth curve by NPP interaction became significant. At wk 29, feeding regimen and the interaction between NPP and pullet growth curve heavily influenced plasma P levels. Overall, a quadratic curve was determined for hour (Table  8) . At wk 26, a linear fit was determined for hens reared to 20% over standard BW and fed 0.15% NPP as well as 20% under standard BW fed 0.15 or 0.40% NPP. A quadratic response was determined for hens reared to standard BW and fed 0.15% NPP. At wk 29, a linear fit was determined for hens reared to 20% over standard BW and fed 0.15% NPP. A cubic response was determined for under-BW hens fed 0.15% NPP. Overall, a significant 3-way interaction between pullet growth curve, NPP, and feeding regimen on mean plasma Ca levels were determined (Table 8) . At wk 24, 26, and 29, the 3-way interaction was observed (Figures 6, 7, and 8) . No curvilinear responses were noted at wk 24 or 26. At wk 29, a linear fit was determined for over-BW hens fed an alternate feeding regimen of 0.15% NPP. A quadratic curve was determined for under-or standard-BW hens on a normal feeding regimen of 0.15% NPP. A cubic response was determined for over-BW hens on an alternate feeding regimen fed 0.4% NPP, as well as standard-BW hens on an alternate feeding regimen fed 0.15% NPP. A quadratic response was determined for over-and standard-BW hens fed 0.15% NPP and either an alternate or normal feeding regimen.
DISCUSSION
Previous research has shown that reducing dietary NPP to 0.20% does not negatively affect egg production in broiler breeder hens Coon, 2009, 2010) . Plumstead et al. (2007) reported that diets that contain 0.09% NPP with phytase can still maintain broiler breeder egg production, if not outperform, breeders on higher NPP intakes. The results presented here revealed that reducing dietary NPP to 0.15% (216 mg of NPP intake/bird at the peak) impaired production through wk 40, and the true NPP requirement for egg production remains above this level. The physiological requirement for P seems to lie within this 0.15 to 0.20% range; egg weight was reduced within this range and there was a sharp increase in mortality. The improvement in shell quality at 0.15% NPP is consistent with other published reports of improved specific gravity at low P levels (Miles and Harms, 1982) . The effect of body composition on egg production has primarily focused on age of sexual maturity, but the effect on breeder performance and nutrient utilization has not been studied. It would be theorized that a smaller bird would come into production later, and in fact is what was observed in this study. Hens reared to 20% under standard BW achieved sexual maturity later and produced fewer eggs. The reduced egg production in hens reared to 20% under standard BW may have contributed to the improved shell quality observed. With fewer eggs to produce, more nutrients can be devoted per egg. A recurring pattern in this study is the attempt to balance total egg production, production of eggs that fulfill the embryo's requirements for hatching, and breeder skeletal integrity. The requirements for maintaining bone quality, as assessed by tibia ash, was previously determined to be 0.25% NPP or 360 mg of NPP per day (Ekmay and Coon, 2009; 2010) . The findings of this study support this conclusion. The interaction effect for mortality between dietary NPP and pullet BW seem to show that larger birds handle low phosphorus better. The high mortality associated with low dietary NPP, as well as low BW, does not appear to be associated with an egg in the tract, a characteristic of calcium tetany (Figure 9) . A higher percentage of hens that were fed 0.40% NPP were found to have an egg in their tract at the time of death. Blood marker data indicates that little bone is mobilized in hens fed Concerns over progeny quality have maintained NPP at the current industry levels of as much as 600 mg/d. To date, the authors of this manuscript have not been able to find literature data that have reported benefits to progeny weight by feeding high levels of NPP; however, Triyuwanta et al. (1992) , found an improvement in bone quality in the 1-d-old progeny of dwarf breeders fed 1.0% available P. Reduction of NPP levels from 0.4 to 0.2% did not affect progeny weight or tibia ash (Ekmay and Coon, 2010) . In the present study, a reduction from 0.40 to 0.15% did reduce 1-d progeny weight. The egg weights for breeders fed 0.15% were lower, which would explain the slight reduction in chick hatching weight. The improvements observed by Triyuwanta et al. (1992) appear to be marginal and only occurred when adding P more than 2 times higher than industry levels.
Determining how bone is remodeled during a 24-h period has many complications. The vast majority of breeder skeletal data looks at tibia ash or bone break- ing strength at various ages or looks at plasma Ca and P. Measuring Ca and P in itself has its limitations, as it is difficult to distinguish the contributions of bone and diet, respectively, to the plasma pool of these nutrients. al- Bustany et al. (1998) attempted to determine a correlation between plasma alkaline phosphatase and egg production at wk 48 and 54. It was determined that no correlation existed but that alkaline phosphatase levels declined with age. These values, however, represent only one point in time. Our knowledge of bone remodeling, therefore, remains static. The use of bone markers in the current study was designed to determine a general concept of how bone is utilized in various production scenarios. In the study presented, feeding occurred at 0 h and mean oviposition occurred anywhere between 3.1 to 3.8 h postfeeding. It was determined from our study that during the transition into sexual maturity (wk 24-26), a pullet's BW was most influential to bone remodeling. During this transition, hens reared to 20% under the Cobb standard were depositing more bone (tALP) and resorbing less (TRAP) than hens reared to a standard BW or 20% over the standard BW. As the growth curve target weight increased, so did the level of bone resorption during this period. The impli- cation is that these small hens are still developing, and not only is body composition a cue for egg production but skeletal quality as well. Nearing peak production, there was a shift in bone remodeling and the cues that affect it. At this point, dietary NPP became critical to bone remodeling and the effect of pullet BW diminished but did not disappear. At 29 wk, bone resorption was marginal in hens fed 0.15% NPP, whereas hens fed 0.40% NPP had significant amounts of bone resorption. It would be hypothesized that hens fed a low level of NPP would mobilize more bone reserves to meet the demands of egg formation. What was seen instead was that hens would reduce egg production as well as bone mobilization in an attempt to spare breeder integrity. This would ensure that the eggs that are produced meet the embryo's demand for hatching. It was hypothesized by previous work (van de Velde et al., 1984; Ekmay and Coon, 2010) that there is a constant cycle of bone mobilization and re-deposition, and that the amount of dietary NPP was what determined the extent of these two things. It is clear from the evidence in this study that this was indeed what occurred. The 24-h data showed a coordination of bone mobilization with bone deposition. The minima of the tALP curve coincided with the maxima of the TRAP curve. This suggests that between 4 and 16 h, there was a period of bone deposition, and between 16 and 4 h, there was period of bone mobilization with oviposition occur- ring between 3.1 and 3.8 h after feeding. Kebreab et al. (2009) modeled P flow in laying hens and suggested that P deposition (bone synthesis) occurred between 2 and 16 h, when oviposition occurred 5 h after lights were turned on. The findings by Kebreab support the results reported in the present study. Coordination of these events appeared to be mediated, at least partly, by parathyroid hormone (PTH). Parathyroid hormone acted to increase plasma concentrations of Ca and P through a combination of mechanisms that included bone resorption and increased intestinal Ca/P absorption. In mammals, PTH does not bind to osteoclasts but binds to receptors on osteoblasts that stimulate the production of the receptor activator of NF-κB ligand that binds to the receptor activator of NF-κB on osteoclasts and stimulate their proliferation. In the present study, a trend for a linear relationship between PTHrt and TRAP at wk 29 (P = 0.083) supports the link between PTH and bone mobilization.
In summary, reducing dietary NPP to 0.15% has significant negative effects on breeder performance, including increased mortality, reduced egg production, and reduced skeletal quality. Based on the data collected in this study, it appears that the broiler breeder hen attempts to conserve skeletal quality when fed a diet containing a low level of NPP. She accomplishes this by reducing bone mobilization as well as egg production. Also, during the transition into sexual maturity, the BW of the broiler breeder pullet seems to exert a greater effect than dietary NPP concentration on bone remodeling. This is especially true for bone deposition. More research data should be collected in studies aimed at elucidating the bone dynamics of the broiler breeder pullet as related to what aspects of a rearing growth curve influences bone development. 
